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Abs tra c t 
Age dependence of th e intracellular concen-
trations of monovalent ions (Na+ , K+ a nd c 1-) was 
examined in 1, 11 and 25-month- old rat brain and 
liver ce ll s by us in g ener gy dispersive X-r ay mi-
croanalysis. The in vivo concentrations of Na+, 
K+ and Cl- io n s were calculated from t wo dif-
ferent measu r ements: The e l ement al co ncen tr a -
tions were measured in freeze-dried tissue 
pieces , and th e intracellular water co nt en t was 
determined by means of a recently developed X-r ay 
microanalytic method, using frozen -h yd r a t ed and 
fractured bulk specimens as wel l as sub seq uent 
freeze - dryin g . 
All the s in gl e monovale nt ion concentra ti ons 
and consequently , a l so the total monovalent ion 
content showed statistically significant in-
creases durin g aging in brain cortical neurons. 
A 3- 6 % loss of the intracellular water co nt en t 
was accompanied by a 25- 45 % incr ease of the 
monoval ent ionic stren g ths by the a ge of 25 
months . 
A membrane pro t ective OH radical scavenger 
(centrophenoxine) r eversed the dehydration in the 
nerve cells of old animals, resulting in a de-
crease of the intracellular ion concentra tions. 
Agi ng has a less prominent effec t on the 
wat er and ion content s of the hepatocytes. The 
degree of wate r loss of cytoplasm exceeds th a t 
of the nuclei in th e liver , su ggesti ng that domi-
nantly the translational steps can be involved in 
the general age al t ered slowing down of th e pro -
tein synthe ti c machi ne r y , predicted by t he mem-
brane hy pothesis of aging (Zs .- Nagy , 1978) . 
Key words : X-r ay microanalysis, bulk specimens, 
c ryotechniques, intracellular e lectrolytes, water 
co nt ent, osmolarity, experimental ge rontolo gy , 
membrane hypothesis of aging, centrophenoxine . 
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Introducti on 
Accordi n g t o t he membrane hypothesis of 
agi ng , the o ld cells gradua l ly lose their abili t y 
for mai nt ai n i ng t he optimal intracellular mono-
vale nt ion co ncen tr a ti ons (Zs. - Nagy, 1978 , 1979) . 
Namely , an increase of the intracel lu lar ionic 
stre ngth is expected in postmitotic cells during 
agin g , resulting in a ge neral condensation of the 
co ll oidal system and concomitant slowing down of 
th e rate of the cellular protein sy nt hes i s. Most 
probably, free radical damage of th e cell mem-
branes i s r espo nsib le for this process: in 
conseque nce of the free - radical induced 
cross -lin ki ng the passive potassium permeability 
of the membrane decreases. The decreased ion 
per meability causes an increase of the potassium 
concentration in th e intracellular and intranu-
cl ear space. These a ge dependent altera ti ons 
have been examined in the present work. 
Three methodical possibiliti e s allowed us to 
perform the quantitative X- ray microanalytical 
measuremen t s: 
1) The analyt i cal elec tr on microscopy offe r s a 
spatial r esolu tion being sufficie nt to measure 
ele men t a l concentrations in indi vidual ce lls and 
nuclei (Russ, 1974; Hall, 1975 ; Moreton, 198 1; 
Echlin and Kaufmann, 1978 ; Gupta et al. 1977) . 
2) Approp ri ate preparation t echniqu e s have been 
developed t o preserve th e in vivo distribution of 
diffusible substances in biolo g ical materials 
(Echli n, 1975 ; Seveus , 1978; Barnard and Seveus, 
1978 ; Appleton , 1978 ; Gle n et al. 1978 ; Hall, 
1979; Zs .- Nagy e t al. 1977) . 
3) X-r ay microanalysis of frozen-hydrated speci -
mens offers a possibility to measure the intr a -
ce llul ar water and dr y mass content. Recent de-
velopments hav e overcome mos t of the difficulti es 
arising from the extremely low e l ec tri c conductiv-
it y of deep-frozen biologic a l mate rials not onl y 
i n sections but also in bulk specimens (Gupta and 
Hall , 1981a ; Gupta et al., 1978b; Hall and Gupta, 
1982, 1983; Zi e rold, 1982; Zs. - Nagy e tal.,1982b; 
Lustyik and Zs .-Nagy, 1981). 
Alt e rations of the monovale nt ion co ncentra-
tions (Na+, K+ and Cl - ) in the intr acel lular 
space of brain and liv er cells during aging and 
centrophenoxine treatment of old rats have been 
des c ribed (Pieri et al., 1977; Zs .- Nagy e t al ., 
1979). These studies provided mass fractions 
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of the electrolytes 1.n the intracellul ar dry 
mass, however, measurement of the intr acell u-
lar wat er co nt ent was not possible that time. 
Therefo r e , the decreas e of intracellular water 
con t e nt during agi n g s hould have been est i mated. 
It turned out from such calculatio ns th a t even a 
sligh t decrease of the intracellular water con-
t en t (2 - 4 %) r esul t s in a dramatic in crease of 
the intracellular potassiu m conte nt, sin ce the 
mass fraction of potassium in th e intr ace ll ular 
dry mass displayed an in creasi ng t endency (Pieri 
e t al ., 1977). On the othe r hand, ce ntroph enoxine 
(CPH) treatment of the old a nim als proved t o be 
beneficial f r om this point of view : the pot assi -
um con t en t decreased in th e dry mass of brain 
cells and , assumi n g onl y a very minute reh ydra -
tion of th e cells (1-2 %), a consider ab le 
"r ejuvena tion" in this pa ram e t er could be ob -
tained (Zs. - Nagy e t a l., 1979) . 
The intention of the presen t work was to 
reexami n e th e age depende nc e of the al t erations 
of th e intrac e llul a r electrolyte homeos t asis by 
measuring the intr acellu l ar wate r and dry mass 
con t ent using a recently developed method (Lus-
tyik and Zs. - Nagy , 198 1; Zs .- Nagy et al., 1982b) 
as well as th e mass fraction of the sodium, po -
t ass iu m and chlorine i n rat brain cortical and 
liver ce ll s of yo un g , adul t and old , as well as 
CPH-treated old a nim a l s. 
The CPH i s u sed widely in cli nical tr eatment 
as a neurotropic dru g . The dimethylamino-ethanol 
rrioie ty of CPH proved to be a membra ne prot ec tiv e 
OH r adical scave n ge r (Zs. - Nagy a nd Nagy , 1980 ; 
Zs .- Nagy e t a l., 198 1; Zs .- Nagy a nd Floyd, 1984) . 
It was expected that CPH ad mini s trati on can con -
s id erably pr eve nt the membrane damages, a nd 
t herefo r e r everse the age -d e pendent cellular 
deh ydration as well as the increase of th e intra-
cellular ion concentrations . 
m 
p 
List of Symbol s a nd Abbr eviations 
mass of the cell 
mass of the nu cle u s 
mas s of th e cy t oplasm 
me mass of e lectrolytes per ce ll 
m 
s 
m. 
1.S 
y 
w 
w 
n 
R 
w 
C( 
C 
n 
C 
p 
dry - mass of th e ce ll 
mass of th e wate r sol ub le organic dry mass 
mass of th e wa t er in soluble orga ni c dry mass 
mass fraction of the water soluble orga n-
ic dr y-mas s 
mass fraction of water 
mass fraction of water in the cell nucl eu s 
mass fraction of wat er in the cytoplasm 
pe ak to background ratio of an element 
measured in freeze -d ried sample 
peak to background ratio of an e l ement 
mea sur e d in frozen -h y drated sampl e 
activity coefficient of a n electrolyte 
concentration of an element in th e nucleus 
concen tr ation of an e l ement in th e cyto -
plasm 
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concen tr a tion of the monova lent electro -
lyt es in the dry sa mpl e 
x volume de nsit y of th e nucleus in th e cell 
p 
M 
a 
p 
CPH 
DMAE 
FFFD 
NMR 
density 
molecul a r weigh t 
osmotic r ef l ec tion coefficie nt 
membr ane permeability 
centrophenoxin e 
dimeth y laminoet ha nol 
f r eeze - frac tur ed freeze - dried 
nuclear magn etic reson ance 
Mat eria l s and Methods 
Young (1 month) , adult ( 11 months) and o ld 
(25 months) ma l e , CFY r a t s of our own breed were 
used for s tudi es. The a ni mals had free access to 
food and tap wat er . On e group of old rats was 
tr eate d with cc ntr oph enc xi ne (CPH, Helfergin, 
Promon t a , Hambur g) . The dru g was admi ni stered in 
intraperitoneal injec ti on of aqueo u s solution in 
a dose of 100 mg/kg body weight, for 50 days 
daily , excep t Sundays. Cont r o l s were injected 
with phys iolo g ic a l NaCl solution . Each group 
consiste d of at le as t four male r ats . 
The anim als wer e kill ed by decapitation , and 
tissue samp l es of brain cortex a nd liver were re-
moved as quickly as possible (within 1 min) . 
Suitable samples were pr epared for both wate r 
conten t measur ement s a nd freeze-fractur e d 
freeze - dri ed (FFFD) bul k specime n analysis of 
mass fr ac tions of th e e l ectrolytes . Th e methods 
of preparat i ons and measurements were desc ribed 
previously in detail (Zs. - Nagy and Pi eri, 1976; 
Zs .- Nagy et a l., 1977, 1982b ; Lustyik and 
Zs .- Nagy , 198 1; Zs .- Nagy , 1983), here we r epea t 
only the main s t eps. 
Two independ ent pr epa r a ti on procedur es were 
performe d in order to meas ure th e cellular water 
or dry mass co nt ent and to meas ure th e ion co n-
ce ntr a tion in th e intracellular spac e. Water 
content was measu r ed i n deep - froze n wet samples 
using a 20 kV accelerating vo lta ge . Sin ce the 
spa tial r esol ut ion is relatively poor when a 20 
keV e l ectro n beam is used (Andersen , 
1967) , thi s method does not permit separate meas -
urements on cytop l as m and nucleus. Howeve r, th e 
average water and dr y mass co nt ent of th e ce lls 
ca n be safel y measured if some special require -
ment s are f ulfill ed, as desc rib e d below . 
The ion concentrations have bee n measured in 
freeze dri e d sampl e s a t a 10 kV accele r ating vol -
tage, havin g good enough spa ti a l res olution to 
confine the excita tion to the cytoplasm or nu -
cleus in br ai n or liv e r ce lls. 
Measurem ents were car ried out by using a 
J EOL JSM 35C scan nin g elec tron microscope 
e quipped with Cr yo Unit 1 and with EDAX System F 
( 711 Anal yze r a nd a DATA GENERAL NOVA 3 co m-
pu ter). 
Meas urement of the wat e r and dr y mass content 
Small tissu e pieces fo r measurement of in-
tr ac el l ular water a nd dry mass content were 
mounted on a special s pecime n holder. They were 
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dropped, together with the holder, into isopen-
tane cooled by liquid nitrogen . The specimen was 
then transferred from the cooli ng bath to th e 
precooled specimen stage of the a irlock chamber 
of the Cryo Unit, where it was broken in vacuo in 
a horizontal plane usin g the incorporated micro-
manipulators. The specimen prepared in this way 
was then brought to the cold stage of the micro-
scope column, and X-ray spectra were collected 
analysing the broken surface at a 20 kV accel -
erating voltage. An area of 15x 11.5 µm of the 
sample was scanned at the applied 6000x magnifi-
cation. Reduction of this area may increase th e 
ri sk of an undesirable exsicca tion due to the in-
creasing local heating by the electron beam . 
This area usually covers both cytoplasm and nu-
cleus i n liver cells and neurons. The penetra -
tion depth of the exciting electrons does not 
exceed 10-11 µm, i.e. only a negligible over-
penetration of the cells can take place in th e 
wet sample , if cells are selected for measurement 
the nucleus of which had been broken equa torial-
ly. The peak to background ratios (R,_,) of 
phosphorous and potassium were calculated ~back-
ground between 4 and 6 keV was used). We are 
aware that the abso rpti on coefficients a r e dif-
ferent for th e lower and higher energy X-r ays 
(2 keV for phosphorous, 3.3 keV for potassium and 
4-6 keV for the background), however , the error 
introduced by this difference is cancel l ed out to 
a great extent, since Rw a nd Rd are calculated 
in the same way. 
The very low electric conductivity of the 
deep-frozen tissue involves some problems in the 
above procedure, however, it is possible to over-
come these difficulties (Lustyik and Zs.-Nagy , 
1981; Zs. - Nagy et al., 1982b) . These difficulties 
arise from the fact that two opposite require-
ments should be fulfilled simultaneously. In 
order to prevent th e water loss by sublimation, 
it would be desirable to keep the specimen at as 
low temperature as possible. The vapour tension 
of the ice is equal with the vacuum pressure of 
the microscope column (10-5 - 10-6 Torr) between 
-100 and -11ooc. Since the vapour tension drops 
very quickly with decreasing temperature, the 
frozen-hydrated specimen can be safely preserved 
at about -120 - 140° c . However, as it has been 
studied extensive ly, the ice and the frozen hy -
drated specimens have an extremely bad electric 
conductivity at low temperature . The specimens 
bombarrled by electrons show a very strong charg -
ing so that practically neither morphological de-
tail s can be recognised nor X-r ay microanalysis 
can be performed below -110 - 120°c (see for 
ref.: Zs. - Nagy e t al., 1982b; Zs. -Na gy , 1983) . 
These difficulties could be overcome 
throu gh a compromise . Analyses were performed 
during a slow (0 . 5-0 . 7°C/min), spontaneous warm-
in g up of the specimen and the microscope cold 
stage. X-ray spectra were collected between - 110 
and -850C of the stage. 
Both the morphological image and the X-r ay 
spectrum undergo characteristic changes during 
such a warming up procedure. In the r ange of 
-110 to -105°c very poor morphology and irregu-
lar X-ray spectra can be recorded, due to an in-
tense charging of the specimen. However, at 
about -105oc the specimen surface starts to show 
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signs of an improved conductivity, i.e ., both the 
secondary electron image and the X-ra y spectra 
start to become re gular. This is due to a very 
superficial exsiccation of the surface assuring 
an acceptable electric conductivity and avo idin g 
intense charging . Fortunately, the thickness of 
the exsiccated layer is very small (less than 100 
nm, Zs. - Nagy et al., 1982b), therefore its effect 
on the measurement in the hydrated mass is negli-
gible . Peak to background ratios of the elements 
present in th e specimen display an increase dur-
ing the first period (between -110 and -1 0S°C) 
a nd remain on a plateau until the specimen tem-
perature will not exceed - 85°c. Above this tem-
perature there is a second increase in the peak 
to background ratios due to the more intense and 
deep exsicca tion of the specimen . It turned out 
that the values of the plateau represent the 
r ealistic peak to background ratios for the fro-
zen -hydr ated s tate (Rw). A special computer 
program was written selecting the values of 
Rw belonging to the plateau, without subjective 
errors (Lustyik and Zs .- Nagy, 198 1). 
After having finished the microanalysis in 
wet state, the specimen was kept at abou t - 700C 
for 2-3 hours in the microscope column, until a 
sufficiently deep layer of the specimen dried 
completely in the column vacuum . Analyses in the 
dry sample were repeated under the same condi-
ti ons as in the wet state resulting in values of 
Rd for Eqn . ( 1) . 
Since th e average vol ume of the hepatocytes 
was found to be 4500-5700 µm3 (Pieri e t al . 
1975a,b) the diameter of their equivalent sphere 
(the sphere which has the same volume as the 
cell) is roughly 20-22 µm and t he "average thick-
ness" of a broken cell must be around 10-11 µm. 
It is clear from these data that the 20 keV elec -
trons overpenetrate th e liver cells in the dry 
sample to a certain extent. However, we are of 
the opinion that this overpenetration does not 
influence too strongly th e validity of the 
results of our water content measurements. Since 
the extracellular space is abou t 4 % and the in-
tercellular space is very narrow in liver, the 
"overpenetrating" part of the excited volume in-
volves mostly another cell. Considering the 
cells as a homogeneous population, and takin g 
into account that the extracellular space has a 
low potassium and dry mass content , we can safely 
assume th at the X-r ay spectra obtained in the 
freeze-dried sta te a re not considerably distorted 
by the overpenetration . 
However, since the analyzed (excited) 
volumes differ in the wet and dry s t ate of the 
sample, the reliability of the results of water 
content measurements depends on the uniformity of 
distribution of potassium in the two analyzed 
volumes . This seems to be quite an acceptable 
assumption. 
Because of their larger size, the risk of 
overpenetration is smaller in neurons than in 
hepatocytes. Since the extracellular potassium 
content is small as compared to the intracellular 
space, occasional overpenetrations tend to cause 
an underestimation of measured intracellular 
water concentration. 
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Bulk specimens of liver and the parietal 
lobe of the brain cortex were prepared by the 
freeze-fracture freeze-drying (FFFD) method 
(Zs.-Nagy et al., 1977). Tissue pieces were 
quench-frozen in isopentane cooled to its melting 
point by liquid nitrogen. The pieces were then 
broken in their deep-frozen state in order to ex-
plore the intracellular and intranuclear space of 
the cells. The water content of the 
freeze - fractured samples was removed with 
freeze - drying in a JEOL JEE-4X type vacuum evapo-
rator equipped with a JE0L EE- ACE freeze - drying 
attachment. 
The FFFD specimens prepared as described 
above were analyzed at a 10 kV accelerating vol-
tage wi thout any coating of the specimen surface. 
Electros t atic charging of this type of specimen 
was compromising neither the secondary electron 
image nor the X-ray microanalysis. The cell 
borders and nuclei can easily be recognized in 
the secondary electron image of such a specimen. 
X-r ay spec tr a were collected for 40 sec at a 
count rate of about 400-500 cps . Peak to back -
ground ratios of Na+, K+ and c1- were calculated 
and were converted into the appropriate concen -
trations of dry mass, using suitab l e standards 
(Zs .- Nagy et al., 1977; Zs. - Nagy and Pieri, 1976) . 
Calculations 
The mass fraction of water was calculated 
from the measured peak to background ratios cor-
responding to the dry (Rd) and wet (Rw), state 
of the sample, using the followi ng equation , 
derived previously (Zs .- Nagy et al ., 1982b) : 
w 
Rd - Rw 
( 1) 
The constant 0 . 1179 in Eqn. (1) derives from 
(0water-0d)/Qd where Q ~ V/A, 0water = 3.666 . . . , 
d refers to the biological dry mass for which 
Qd=3. 28 (see for details: Zs. - Nagyetal., 1982b). 
The concentration of electrolytes measured 
in FFFD specimens are always higher in nuclei 
than in cytoplasms. If we accep t the findings 
that the nuclear membrane does not represent any 
barrier for electrolytes between the cytoplasm 
and the intranuclear space (Pa lme r and Civan, 
1977), we have to conclude that the water content 
is higher in the nucleus than in th e cytoplasm. 
If mn and mp denote the masses of the nucleus 
and cytoplasm of a living cell, the mn · ( 1 - Wn) 
and mp( 1 -Wp) expressions give their appropri-
ate dry masses (Wn and WP are the mass frac -
tions of water in nucleus and cytoplasm, respec-
tively). If an eleme nta l concentration in the 
dry mass of nucleus and cytoplasm is Cn and 
Cp, r espec tiv ely , we can write: 
a m ( 1-W ) C 
n n n n 
m W 
a m (1 - W) C 
p p p p 
m W 
(2) 
n n p p 
(~ and ap are the activity coefficients). 
Supposing an = ap , the mass fraction of water 
in th e nucleus can be calculated from the follow -
ing formula: 
w 
n 
W C 
p n 
C + W (C - C) p p n p 
(3) 
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As a matter of fact, the water content calculated 
from Eqn . (1) is rather the average intracellular 
water content 
W = W ( 1 -x) + W X ( 4 ) 
p n 
than the water content of the cytoplasm (x is 
the volume density of the nucleus in the cell) . 
Since x is usually smaller than 0 .1 both in 
liver and nerve cells, and the difference between 
WP and Wn is relatively S,!!:all , the average 
water content of the cell (W) does not differ 
conside r ably from that of the cytoplasm (WP) . 
Consequently, we considered our results as water 
concentration of cytoplasm in the further calcu -
lations . The water content of nuclei was then 
calculated using Eqn. (3) . The Cp and Cn were 
the total concentrations of monovalents (rnEq/kg 
dry mass) in the cytoplasm and the nucleus, 
respectively . 
The mass fraction of water (W) and dry mass 
fraction of electrolytes (Cd) were converted 
into in vivo concentrations of rnEq/ 1000 ml intra-
cellular water and mEq/ 1000 ml solution (col -
loid). In the latter it was assumed that over 
and above the electrolytes a given fraction of 
the dry mass is also dissolved in the cellula r 
water. Consequently, the volume of solution is 
higher than the volume of water , and the concen -
tration is lower in the colloid th an in the pure 
water. We can divide the cell colloid into four 
Table 1 
Division of the cell mass into compartments 
in order to derive Eqn. (6) 
Compartment 
Water 
Monovalent 
elec tr olytes 
Soluble fraction 
of dry mass 
Insoluble fraction 
of dry mass 
Mass of the compartment 
mtW 
me= Cdmd 
me= Cd ( 1-W) mt 
ms= y (md- me) 
ms= y( 1-W)(1-Cd)mt 
mis= ( 1- y)(md-me) 
mis= (1 - y)(1 - W)(1-Cd)mt 
mt: total mass of the cell; md: dry mass of th e 
cell; me: mass of electrolytes, ms and mis: soluble 
and insoluble fraction of the dry mass. For fur-
th er symbols see the text. The volumes of the 
compartments can be calculated by dividing th e 
masses with th e appropriate densities. 
compartments, as shown in Table 1. 
mass of electrolytes with the volume 
we obtai n : 
C' mW 
t 
-- + 
PW pp 
Dividing the 
of col l oid 
(5) 
In order to have C' in mEq/dm3 the denominato r 
has to be multiplied with 103/M (M is the molar 
weight of the elec trol y te in daltons) and 
Pw=103 gdm- 3 (densitiy of water) and Pp= 1.3 x103gdm - 3 
(density of compact pro t ein) must be used. 
Water and ion concentrations in aging cells 
mEq/1000 ml M,(1 .3 W + (1-W) ( 1-Ca)y ) 
(6) 
The expression is valid for monovalent ions; y 
is the soluble fraction of the cellular dry mass 
(0 <y<1). If y=0 is applied, the equation pro -
vides the concentration in mEq/1000 ml water . 
Data processing and statistical handling of the 
results 
The primary data of peak to background ra-
tios, ~ and Rd of phosphorous and potassium, 
were substituted into Eqn . ( 1) providing individu-
al water concentrations for each tissue piece. 
Since there were no statistically significant 
differences between the individual values within 
the same group, these mass fractions of water 
were averaged within each group of animals. The 
averages were used for all further calculations 
as representative water contents of the cyto-
plasm . The Gaussian law of error propagation 
provided the error of W from the errors of 
Rw and Rd. The number of measured eel ls was 
considered to be equal with the number of Rw-s 
belonging to the plateau of the Rw plot, select-
ed by the computer. 
The total mEq/kg dry mass concentration of 
monovalent electrolytes was applied in order to 
calculate the nuclear water content using 
Eqn. (3) . Note that Wn does not depend upon the 
concentration unit of Cn and Cp; WP must be, 
however, inserted as mass fraction. 
Intranuclear and intracytoplasmic concentra-
tions of Na+, K+ and Cl- were measured in FFFD 
specimens. The mass f ractions in the cellular 
dry mass were converted into th e appropriate 
e lectrolyte concentrations of cell water and cy-
toplasmic colloid, usin g Eqn. (6). Two concentra-
tions were calculated. First the amount of ions 
was re gard e d to be dissolved in the cell water. 
This concentration represents the ionic stren g th 
surrounding the macromolecules, i.e., the con-
centration of the electrolyte solution which in-
teracts with the polyelectrolyte macromolecules. 
When the concentrations of the colloid were cal-
culated it was assumed that 50 % of the or ganic 
dry mass is also dissolved. The ion concentra-
tions obtained this way are obviously lower than 
the concentrations in the pure water. They are 
rather realistic and informative when the intra-
cellular osmotic pressure and/or the extra and 
intracellular osmotic equilibrium is considered, 
even if we take into account that 50 % soluble 
fraction is only an assumptioni and not a meas-
ured value. 
Statistical analysis was performed as fol-
lows: first we compared the parameters obtained 
in the individual animals of each group of age. 
This comparison was performed by the Student's 
t - test. Since the individual averages were not 
significantly diffe r ent within the same group, 
the data were pooled together per group and han-
dled further as a single population. All data 
groups of intracel l ular water contents and elec -
trolyte concentrations wer e first tested for nor -
mality of distr i bution . For each parameter a 
one - way analysis of variance was performed. 
Confide nce intervals belonging to p=0 . 00 1, 
p=0.0 1 , a nd p=0.05 levels of probability were 
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calculated ("critical differences between means") 
in order to determine which pairs of means were 
significantly different from each other (Armi -
tage, 1971). Appropriate programs written in 
BASIC were used for these calculations. 
It should be stressed that when calculating 
a parameter from some primarily measured values, 
like e.g. the values of W from ~ and Rd, 
standard errors for the new parameter were always 
estimated by applying the Gaussian law of error 
propagation. 
Results 
The mec1n cytoplasmic and intranuclear water 
concentrations of brain and liver cells are sum-
marized in Table 2 . The water contents of nuclei 
were calculated by substituting the cytoplasmic 
and nuclear dry mass fraction of the sum of the 
sodium, potassium and chloride into Eqn. (3). 
The water concentrations show a considerable 
decrease during aging both in the nucleus and the 
cytoplasm of the brain cells. The differences 
between the water concentrations of youn g and old 
animals are higher than 6 %; this de gree of 
dehydration exceeds the water content decrease 
assumed in the works of Pieri et al. ( 1977) and 
Zs. - Nagy et al. ( 1979). 
The chan ge of the dry mass content of the 
cells displays a similar tendency as that of the 
protein content and the water insoluble protein 
content (Zs . - Nagy et al., 1981, 1982c). 
The centrophenoxine treatment reversed the 
cellular dehydration; the water content increase 
amounted to about 4 % in the nerve cells. 
A less prominent dehydration was found in 
liver cells (Table 2). Although a decreasin g 
tendency was present, a statistically significant 
decrease in the water content of nuclei was not 
de t e cted, whil e the cytoplasmic water loss wa s of 
a greater extent and statistically si gnificant 
(p < 0.01) when compared to the water content of 
youn g animals. 
The concentrations calculated from Eqn. (6) 
are shown in Table 3. and Table 4. The rela-
tively moderate changes of intracellular water 
content have considerable effects on the intra-
cellular ion content. The cellular concentra-
tions of all investigated monovalent iops show a 
statistically significant age dependent increase 
in the brain cells, as well as the difference of 
the total concentration of the monovalent elec-
trolytes is highly significant between old and 
young rats. The tendency of changes is similar 
in adults except the potassium content . The po-
tassium concentration produced the highest amount 
of increase, while the percentage increase of so-
dium was the most prominent. 
The treatment with CPH rehydrated the intra -
cellular mass and reversed the increase of the 
intracellular ionic strength and solute concen -
tration to a great extent in brain cells of old 
animals. All the monovalents, as well as the 
total electrolyte concentration, showed a sta -
tistically significant decrease. It must be 
stressed that the significant rehydration is the 
main source of this concentration decrease . 
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Table 2 
Intracellular water concentration of rat brain cortical cells and 
hepatocytes. Water content of the nucleus and the cytoplasm 
(MEAN ~ S . E . M. ) 
Animal 
Relative water content (in percent) 
gro up brain cells hepatocytes 
(a) nucleus cytoplasm (a) nucleus cytoplasm 
Young ( 110) 80.6 ± 0.6 78.0 ± 0.4 ( 45) 69.0 ± 0.6 68.3 ± 0.6 
Adult (76) 80.0 ± 0.7 76.3 ± 0.6 (87) 69 .6 ± 0.6 66.5 ± 0.3 
Old (160) 74.3 ± 0.6 71. 9 ± 0.5 (96) 67.3 ± 1. 0 64. 3 ± 0.9 
CPH (97) 78.4 ± 0.7 75.4 ± 0.7 Not measured. 
F(b) 27. 43 37 . 00 2.28 7.52 
p <0.001 <0 .001 N. S. <0.05 
CDBM(c) 
(0. 001) 3.2 2.6 4.5 3 .7 
(O .01) 2.5 2.0 3.5 2.9 
(0. 05) 1. 9 1. 5 2.7 2.2 
a) In parenthesis: the number of analyzed cells. 
b) Statistical analysis of variance. 
c) CDBM: critical difference between means. Means in each column which differ by 
these values are significantly different at the level of probability indicated 
in parentheses. 
a) 
b) 
c) 
d) 
Table 3 
Individual and total electrolyte contents in lar ge brain 
cortical cells (MEAN ±S.E .M.) 
Animal mEq/ 1000 ml cell water 
(a) + + Total group Na Cl K 
Young (6 1) 49 ± 3 32 ± 2 14 7 ± 4 223 ± 5 
Adult (31) 77 ± 4 38 ± 2 151 ± 5 266 ± 7 
Old (60) 92 ± 4 47 ± 2 211 ± 5 350 ± 6 
CPH (61) 72 ± 4 48 ± 2 192 ± 7 311 ± 8 
F(c) 34.90 23.52 35.59 82.57 
p <0.001 <0.001 <0,001 <0.001 
CDBM(d) 
(0.001) 17. 2 9 .1 28.7 33.3 
(0.01) 13.4 7. 1 22.3 26 .0 
(O .05) 10.2 5.3 16. 9 19. 7 
In parenthesis: the number of analyzed cells 
mEq/ 1000 ml cytoplasmic solution. 
Statistical analysis of variance. 
Total (b) 
206 ± 5 
240 ± 7 
300 ± 6 
277 ± 8 
55.33 
<0.001 
33 .3 
26.0 
19. 7 
CDBM: critical difference between means. Means in each column which differ by 
th ese values are significantly different at the level of probability indicated 
in parentheses. 
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Table 4 
Individual and total electrolyte contents in rat liver cells 
(MEAN ± S .E.M.) 
Animal 
(a) 
group 
Young 
Adult 
Old 
F(c) 
p 
CDBid) 
(0 .001) 
(0.01) 
(0.05) 
( 133) 
(60) 
(88) 
+ Na 
24 ± 
16 ± 
26 ± 
4 . 14 
< 0 . 05 
12 .0 
9.4 
7 . 1 
3 
2 
3 
mEq/ 1000 
Cl 
2 1 ± 
22 ± 
19 ± 
1. 62 
N. S . 
5 .4 
4.2 
3 . 2 
ml 
2 
2 
cell water 
+ 
K 
159 ± 4 
159 ± 4 
164 ± 6 
2.89 
N. S. 
23 . 8 
18 .4 
14 .0 
Total 
205 ± 5 
198 ± 4 
209 ± 6 
1.00 
N . S. 
27. 1 
2 1. 1 
16.0 
Total (b) 
173 ± 5 
168 ± 4 
174 ± 6 
2. 7 1 
N. S. 
27 . 1 
21. 1 
16.0 
a) In parenthesis: th e number of analyzed cells. 
b) mEq/ 1000 ml cytoplasmic solution . 
c) Statistical analysis of variance. 
d) CDBM: critical difference between means . Means in each column which 
differ by these values are significantly different at the level of 
probability indicated in parentheses . 
We could not find similar age altered 
changes in th e electrolyte concentration of 
hep a tocytes . Al thou gh the potassium concentra -
tion tends to increase during aging, the differ-
ence betwe en the young a nd th e old cells is not 
sig nificant statistically. The total concentra -
tion of monovalents is practically unchanged : 
the slight increase of potassium concentration is 
compensated by the similar decrease of the chlo-
ride content. 
Discussion 
In vivo intracellular concentrations of 
monovalent electrolytes have been measured in 
brain and liver cells of young, adult and old 
rats, as well the effect of CPH, a membrane pro-
tective OH radical scavenger on the electrolyte 
homeostasis. The appropriate concentration 
values were calculated from independently meas-
ured mass fractions of ions in the dry mass and 
the intracellular and intranuclear water concen -
trations. The calculated va lu es are va lid on the 
condition that the total amount of monovalent 
ions is free in the cell water, i . e. if the ions 
are not bound more strongly to the macromolecules 
than by the e lectro static interaction of the 
charged components. 
The use of the P/B (peak to background 
ratio) method has been advocated for bulk speci -
men analysis by Roomans ( 1980, 198 1). It was 
verified experimentally (Zs. - Nagy et al, 1977, 
Zs .- Nagy, 1983) that X-ray microanalysis of FFFD 
specimens, and the use of the P/B method can pr o-
vide realistic and sufficiently exact results. 
The froz en - hydrated bulk specimen technique was 
reviewed recently (Zs .- Nagy, 1983), thus we com-
ment here on only the most important points of 
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the method, indicatin g the reliability of the 
measured water concentrations. The reliability 
of these results is essential , since the bulk of 
the ion content increase comes from the cellular 
water loss, while the ionic mass fractions in dry 
mass display only a slight increase. 
Although the spatial r eso lution is poor in 
frozen-hydrated bulk specimens and it cannot 
reach the r esol ution of th e analysis of cryosec-
tions (Bulger et al., 198 1; Gupta and Hall, 1979, 
1981a,b; Gupta et al., 1976, 1978a,c 1980a ,b; 
Marshall and Wright, 1973; Saubermann 
et al., 198 1a,b; Ross e t a l., 1981), it is satis-
factory for the purpose of getting reasonable 
water concentrations in liver or nerve cells . 
Since the analysed volume is relatively large, a 
small amount of water loss (neither the sublima-
tion nor the radiolysis can be prevented totally, 
Talmon et al . , 1979) durin g the analysis does not 
influen ce too st ron gly the results. The speci-
mens showed little or no charging when water was 
removed from the superficial layer by etching 
(Marshall, 1975; Gupta and Hall, 198 1a). 
Although coating with chromium was also found to 
prevent the surface charging even at a -140°C 
operating temperature (Marshall, 1977) we did not 
use it, since th e coating layer influences the 
X-r ay spectrum and consequently it can alter th e 
quantitation . Moreover, eve n the coating cannot 
prevent the development of a space charge under -
neath with absolute certainty (Brombach, 1975) . 
The relatively low percen t age of error of the 
mean water contents indicates that th e measure-
ments are well reproducible and can reveal even 
relatively small , 1- 2 % differences in the water 
co nt ent . The method is sensitive enough to de -
tect both physiological and drug induced changes 
of intracellular water concentrations . 
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The tendency of the age dependent change of 
the electrolytes shows a similar pattern as it 
was found in earlier experiments carried out 
without measuring the water content (Pieri 
et al., 1977). The water loss of the old brain 
cells is considerably greater than it was assumed 
by those authors, it exceeds 6 % both in the nu-
cleus and in the cytoplasm. The degree of dehy-
dration of nerve cells is similar in the nucleus 
and in the cytoplasm. 
It is noteworthy, that first of all the cy-
toplasm loses water during aging in the hepato-
cytes, while the nucleus shows only a statisti-
cally insignificant dehydration. On the other 
hand, there are no significant differences 
between the intracellular ion contents in the 
hepatocytes of old and young rats. As it will be 
discussed later, this finding suggests, that in 
the liver rather the cytoplasmic (posttranscrip-
tional) steps of protein synthesis are altered, 
as a consequence of the condensation of the cel-
lular colloid. 
The increase of the intracellular ion con -
centrations involves the question of osmotic 
equilibrium. The total intracellular concentra-
tion of nerve cells in old rats amounted to 350 
mEq/1000 ml water, a somewhat higher value than 
the physiological osmolarity of the blood plasma. 
Although the nerve cells are not in direct equi -
librium with the plasma, only small differences 
exist between the intercellular space of brain 
and the liquor, as well as the liquor and blood 
plasma (Rapoport, 1976). 
Since the macromolecules represent a rela-
tively high volume, the concentration of the 
electrolytes is lower in the volume of the water 
+dissolved macromolecules than in the pure water. 
Although the dissolved macromolecules represent a 
small increase in the total molar concentration 
(a few mOsmol), their "diluting" effect for th e 
monovalents is more prominent (see for details: 
Kiil, 1982). 
Cell plasma membranes are more or less free-
ly permeable to water. This property accounts 
for the rapid osmotic equilibrium between the 
cell cytoplasm and the external solution. The 
mammalian cells behave usually as osmometers: 
they swell in a hypotonic environment and shrink 
in a hypertonic environment . Although the cells 
regulate their volume (Cala, 1980; Cheung, 
et al., 1982; Grinsteinetal., 1982; MacKnight and 
Leaf, 1977; Pollock and Arief, 1980) and the 
resting volume of the cells tends to be restored, 
the final volume attained is essentially identi-
cal to the isotonic one. 
An osmotic equilibrium has to exist during 
the whole process of aging even at increasing os-
molarity of the intracellular space. Since the 
cerebrospinal fluid has a precisely regulated 
constant composition (Rapoport, 1976) it is an 
open question how the nerve cells mai n tain the 
equi l ibrium during aging. Al tho ugh this question 
canno t be answered unambiguously a t present, we 
l ist here some of the possible regulati ng fac -
t ors. 
( 1) A decrease of the amount of small molec u les 
(amino acids , sugars, adenosine and other nucleo -
tides, bica r bona t e, e t c.) in t he cell may compen -
sate partially the elevatio n of t he os mol a r i t y of 
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monovalent elect r olytes. 
(2) The activity of salt ions decreases at higher 
concentrations, thus the increase of osmolarity 
(being proportional with the number of d i ssolved 
particles) is lower than the degree of concent r a -
tion increase. If we accept that nuclear magnet -
ic resonance (NMR) studies provided evidence that 
practically no bound monovalent cations are 
present in living cells (Wal ter and Hope, 197 1, 
Berendsen and Edzes , 1973), the l ower activity of 
ions in the more concentrated old cells can ac -
count only for very limited co ncentration i n-
crease. 
The assumption that the monovalent cations 
are totally free in the cells is still subject of 
discussion. During the sixties , it was general l y 
accepted that one part of the monova l ent cations 
is firmly bound to macromolecules. This conclu -
sion was derived from the observations of Cor e 
(1965, 1967) and Ling and Cope ( 1969) and o t hers 
according to which the i ntensity of the NMR sig-
nal of 23Na in biological tissues was on l y 
40 - 50 % of the intensity expected from the con -
centration of sodium. Mainly on the basis of 
these findings Ling worked out the so - called as -
sociation - induction hypothesis (Ling, 1962, 1984) 
discarding the concept of active ion transport 
through the cell membrane . 
I n 1973 Berendsen and Edzes offered an alter -
native interpretation , namely that the observed 
low NMR signal of tissue sodium is due to a qua -
drupole splitting. Manoi (1974b) also concluded 
theoretically that the 23Na NMR signal reflects 
of quadrupole interaction and the loss of i n ten -
sity is not due to the presence of bound Na+ in 
living cells. As discussed in the paper of Pieri 
et al . (1977), measurements with ion selective 
electrodes and other methods showed that activity 
coefficients of salts in the cytop l asm are on l y 
moderately altered by the high concentration of 
proteins (see for example Pauly, 1973). 
Nevertheless, there are some arguments s ug-
gesting that at least one part of the monovalent 
cations is not totally free in the living cells . 
Experimental results showed with little doub t 
that the activities of i ons are co n sequent l y 
lower in tissue homogenates, protein solutio n s 
(Manoi, 1974b) or living cells (Buhrle and Sonnhof , 
1983) t han in macr omolecu l e-free solu t ions of 
similar concentration . Histochem i cal , X- ray mi-
croanalytical and auto r adiographic investigations 
of Edelman (see for r ef . Edelman, 1984) a l so 
yielded results showing that the a l kali metals 
are no t evenly dis t ribu t ed i n frog muscle and 
they follow rather the distribution of t he ce l l u-
lar dry mass than the distribution of wate r . He 
concl uded that these f i nd in gs support t he associ -
ation - induction hypo t hesis , an d one pa rt of t he 
catio ns is adsorbed on negatively charged s i tes 
of macromolecules. 
Fr om t hese and othe r simi l ar f i ndi ngs (Li ng 
and Zhang, 1984; Huang e t a l , 1979) as well as f r om 
a s urvey of the r ece nt rev i ews on NMR in l i vin g 
systems (Mat hu r - De Vr e , 1979; Burt , 1982 ; Gupt a e t 
al ., 1984) we can conc lud e th a t th e be hav ior of 
monovale n t catio ns is dif fe r en t t o some ex t ent 
i n l ivi ng cells t han i n s impl e so lut ions . This 
i s eviden t ly due to th e int e r ac ti on be t ween t he 
ions and th e macr omolec ul es . This in te r ac t io n 
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see ms to be, however, rather coulombic than an y 
type of chemisorption, as indicat ed by th e range 
of th e tim e of interaction between the ions and 
the macr omol ec ul es estimated in th e paper of 
Berendse n and Edzes ( 1973). Nevertheless , th e de-
crease of apparen t activity (i.e. the ac tivi-
t y measurable by ionsele c tiv e electrodes) may 
interfere wi th o ther fac tor s influencing th e os-
motic eq uilibrium between th e cell and its envi-
ronment . 
(3) Thermo dynamic equ ilibrium can hold th eo reti-
cally a t different intr a - and extracellular osmo-
l a rit ies , but it in volves the existence of a hy -
draulic pressure difference between the two com-
partm ents. The existence of such pr ess ur e 
sho uld involve some kind of mecha nic a l forces in 
the p lasma membrane. Sinc e th e cel l membran es 
can produce only very small la t e r a l elas ti c 
forces (Eva ns and Hochmuth, 1978) , only the con -
tractile cytoskeleto n f ib ers can produce a small 
intracellular overpressure . A r ece ntl y desc rib e d 
" cy t ote nsi omet er " (Petersen et al ., 1982) offers 
a possibility for the measurement of such forces. 
(4) Since th e cell membranes a r e semipermeable 
for the ions, osmotic eq uilibrium can ex ist at 
both lower and hi gher intr ace l lu lar concentra -
ti on s , i f th e osmot ic reflection coefficients of 
so lut es are chan ge d. The reflection coefficient 
(o ) of a give n permeant solu t e (i ntr oduced by 
St ave rman, 195 1) r ela t es t o th e membrane permea -
bility (P) for tha same ion. When Pis small, 
o is nearly one , when Pis la r ge, a app r oxima t es 
ze ro (Kedem a nd Ka tchal sky , 1958, 1961; Hill, 
1979 , Rapoport , 1976) . Theo r e t ically the change 
of o in itself could acco unt for th e hi gher 
eq uil ibrium concentration found in old nerv e 
cells . It shou ld also be pointed out that th e 
theory of th e osmotic reflection coeff ici ent for 
the electrolytes is open t o so me objections 
(Hill , 1979) . Furthermore , experimental evidence 
is available demons tratin g that decrease of pas -
sive potassium permeability is also involved in 
the agi n g process (Zs.-Nagyetal ., 1982a ; Gyenes 
et al., 1984) . The situation may become even more 
complex , if we consider th at t he water permeabil -
it y of the plasma membrane can also decrease dur-
ing agi n g . 
Al th ough a number of ques tion s cannot be 
answered yet in exact physico-ch emical terms, th e 
in t erpretatio n of th e physiological sig nifican ce 
of t he increased intr acel lular ionic strength of 
th e nerve ce ll s as well as the ge ner a l dehy dr a-
tion of th e cellular mass durin g aging ca n be 
based on the membr ane hypothesis of aging 
(Zs.-Nagy, 1978, 1979). This hypothesis assumes 
that the ce ll membrane is the primar y tar ge t of 
the free-radical attacks due to its relatively 
compact structure and the hi gh probability of 
formation of cova l ent cross-links. As a conse-
quence of this type of damage, the cell plasma 
membrane loses its passive permeability fo r po-
tassium leading to a compensatory increase of th e 
intracellular potassium concent ration in the 
sense of the Goldman -Hod gkin - Katz equ a tion. 
Al thou gh it cannot be established definitivel y 
whether the decrease of th e intracellular water 
content is only accompanying the increase of the 
intracellular ionic stren gth, or some causal re-
lationship exists between them, both phenomena 
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may contribute serious l y to an overall s lowin g 
down of th e cellula r fu nctions durin g aging. 
Namely , specif i c and nonsp ec i fic int e ractions of 
ions with polyelectrolytes can provid e th e phys i-
cal basis of a n io nic strength ef f ect on the ce l-
lul ar biochemi ca l processes (Douzou and Maurel, 
1977; Eis enber g , 1976; Gross and Strauss, 1966, 
Mannin g , 1978; Maur el and Douzou, 1976). The 
ionic strength alters th e co nformation, solubili-
ty, e lectrost atic behavior and intram olec ular po -
tentia ls of proteins and nu cle ic acids . The 
theoreti ca l basis of such poss ibl e interacti ons 
is well developed for th e nucleic acids (Pullman 
and Pullman, 198 1; Cauchyetal., 1980;Hey 
e t al ., 1976) . This theor y can predict for exam-
ple, th a t bi nd i ng frequencies and s tr eng ths of 
nucleic aci d-polymer ase complexes strongly dep end 
on t he intranuclear concentrations of cations . 
Similar effec t s can also modify th e enz ymat i c ca-
tal y tic processes. 
As the colloidal system of the cytoplasm be-
comes more and more condensed parallel with th e 
water l oss , th e l oca l microviscosity increases 
permanently during agi ng . Sinc e th e higher 
viscosity usu ally results in a de cr ease of the 
diffusion coefficients , the v i scos it y can slow 
down a l one th e diffu sion limited bi oche mi cal 
reactions. Fur th ermor e , th e rate of ca t a l y ti c 
processes of enzymes is gener a ll y dec r eased a t a 
hi ghe r viscosity of the environm ent, as a conse-
quence of the longer enzyme - s ub s t ra t e complex 
lifetime (Damj a novic h and Somogyi, 1973 ; Somogyi 
and Damjano v i ch, 1975 ; Welch et al ., 1982), as it 
has been shown expe ri mentally in vivo (Szo ll os i 
et al. , 198 1; Welch, 1977). 
Our expe rim ent s demonstrated th at CPH could 
r everse the age dependent dehydration an d in -
crease th e elect rol y te concentration in th e br a in 
cortical cells, if applied i n a chronic tr eat -
ment. Elec tr on spin resonance spect r oscop i c stu -
dies provid ed evi dence th a t both CPH and the di-
methylaminoethanol (DMAE), being th e part of the 
CPH molecule which is incorporated into the cell 
membrane of ne uron s (see for details: Zs .- Nagy 
and Nagy , 1980; Zs .- Nagy and Semsei, 1984) , are 
efficient s cave nge r s of hydroxyl f ree-r a di ca ls 
ge ne rated by a Fenton t ype re ac tion (Zs .- Nagy and 
Floyd, 1984). 
We are of the op inion th a t the e ff ec t of CPH 
tr ea tment can be a ttributed to an in vivo hy-
dro xyl free -r adical trapping in th e cell membrane 
offerin g this way a protection to other com-
pon en ts of th e membran es. Such a prote ct ive ef -
fect allows th e cell membran e to maintain bett e r 
perm ea bilit y para met ers which, on the other hand, 
assures a hi gher r ate of protein synthesis, i . e., 
th e elimina ti on of th e formerly damage d com-
ponents may be o f hi gher rate. Such an interpre-
tati on f its into the membra ne hypothesis of 
agin g . 
In our opinion, this 
of cellular a g ing may be 
of further experiments. 
approach to th e problem 
fruitful for th e desi gn 
Lus t yik, Gy. and Zs. - Nagy, I. 
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Discussion with Reviewers 
I . L. Cameron 
say for sure 
100 nm or less 
and Nancy K. R. Smi th : How can you 
that th e dehydration of a layer of 
does no t effect the measurement of 
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water in tissue? Have controls been run to jus -
tify this sta tement? 
K. Zierold : According to the work of Brombach 
( 1975) and Fuchs and Lindemann ( 1975), the exci-
tation volume in frozen-hydrated specimens is 
not pear-shaped as in other specimens, but simi-
lar to a flat pancake below the specimen surface 
caused by the internal space charge. Does this 
effect interfere with your evaluation of frozen-
hydrated spectra? 
Fuchs W, Lindemann 
X-ray microanalysis 
specimens below 130 
specimen preparation . 
~. 227 - 232. 
B. (1975). Electron-beam 
of frozen biological bulk 
K. I. Instrumentation and 
J . Microsc. Biol . Cell. 
Authors: Accord in g to our best knowledge, no 
direct controls can be perfomed to check the 
contr i bution of the dried layer to the er ror of 
the measurement of the water content . However, 
some calculations can be carried out as described 
in our previous papers (Zs .- Nagy e t al . ,1982b; 
Zs. - Nagy, 1983) . If 20 kV accelerating vol t age 
is used, the penetration depth of th e electrons 
is large as compared to the thickness of th e 
dried surface layer. Different range equations 
as well as measurements gave 6-11 .5 µm for the 
maximum penetration depth of the e l ec trons in 
frozen -h yd rat e d tissue (Zs . -Nagy et al ., 1982b), 
while th e thickness of th e dried layer was below 
100 nm. A rough estimation fro m Marshall's 
¢(pz) curves of the depth-distribution of. the 
generated X-ra y intensity also shows that only 
less th an 2% of the generated X-r ays are produced 
in 100 nm thick layer o[ the sample surface. 
Therefore , although the X-r ay excitation vol~me 
includes both frozen-hydrated and freeze-dried 
material, the effec t of the latter can safely be 
neglected. This is supported also by the fact 
that the obtained intracytoplasmic water contents 
e.g . for hepatocytes fell into the same range 
which can be expected on the basis of the total 
water content of the liv er and the known intra-
and extracell ular space ratios. 
Another problem is mentioned by Dr . Zierold, 
namely the deviation of the excited volume from 
the pear-shape. Obviously, the more flat 
"pancak e " shape comes into being as an excited 
volume, the lar ger will be the contribution of 
the superficial dried layer to the error of the 
measurement . Brombach (1975) supposed a build up 
of space charges in a noncon.ductive sample assum -
ing that impinging electrons remain immobilized 
at th e bottom of the interaction pear . We be -
li eve that in the temp e r ature range used in our 
measurements such space charge cannot be accumu -
lated in the exci t ed vol ume, since the electric 
conductivi t y of the freeze - dried specime n shows a 
rapid improve ment between -11 0-105oc. This im-
provement coincides with the increase of the pro -
t on mobilitv in ice in the same temperature range 
(Franks, 1972) and simultaneously the specimen 
current also shows an increase nearly two orders 
of magnitude at a constant beam cu r rent and exc i-
tation geomet r y. Therefore, one cannot expec t a 
s tron g space cha r ge in our samples , and the 
pear - like shape of th e exc it ed volume is ap -
parently not deteriorated considerably . We are 
Lustyik, Gy. and Zs .-N agy, I. 
aware , however, that char g ing is the main limit -
ing factor of the X-r ay microanalysis in both 
frozen - hydrated and freeze-dried bulk biological 
specimens , since practically all models of quan-
titation become invalid if the effec ti ve electron 
ene r gy of exciting electrons is modulated by the 
fluctuating electric space of the accumulated 
charges . 
K. Zierold: You report that the peak - to back -
ground ratio obtained from frGzen - hydrated bulk 
samples increases after initial warming th e spe-
cimen to abou t -1 05°c a nd then remains stable if 
the temperature is kept below - 85°C. How do you 
explain this "plateau - effect"? 
Authors : Our explana t ion of the observed 
" platea u-e ffect " on the peak to background ratio 
(Rw) curve is shortly the following . At low 
t emperature the electric co ndu ct i vity of the fro-
zen - hydrated specimen is very low and charging of 
the specimen is int ense . Because of the elect ri c 
field of the space charge the effect i ve energy of 
the prima r y, exciting electrons is lm•J and the 
exc itabilit y of the sample is bad. As th e tempera -
ture increases the e le ctr i c conduct ivit y and con -
sequently the exci t ab ilit y of the sample improve. 
The temperature range of this improvement over -
laps with the range where the vapour pressure of 
the ice exceeds the vacuum pressure of the micro -
scope column, i . e . some s uperficia l dryin g takes 
place. When the temperature is high enou gh (ap -
proximately -10 50C) and the excitability is not 
deteriorated by the charging , the peak to back -
ground ratio remains practically on the same 
level. The increase of the Rw takes place at 
about - 85°C due to an intense evaporation of the 
water from the specimen surface . Our expla nation 
is in good agr ement with the data of Umrath 
( 1983) re garding the physico-chemistry of 
the freeze -dr ying. 
It follows from the above explanation that 
keeping the specimen at about -1 oooc the len gth 
of the plateau should be increased . We are plan -
ning t o use this possibility in ou r work. 
G. M. Roomans : Are there any changes in cell size 
in young vs . old rats, or as a consequence of 
cent r ophenoxine that may interfere with your as -
sumptions with regard to spatial resolution? 
Aut hors: Accordi ng to th e availab l e data, consid -
erable age-dependent changes were not found in 
neither hepatocytes (Pieri et al ., 1975a), nor 
brain cells. There are no data at our disposal 
concerning the morphometric parameters of the 
brain cortical neurons in centrophenox in e (CPH) 
tr eated rat s. CPH is known to stim ulate the me-
tab olism of nerve cells, to diminish the amount 
of li pofu sc in in old neurons and to impr ove th e 
learning capaci t y of old animals and men . There 
are no reasons, however , t o assume changes in 
cell size to such an exte nt which could conside r-
ably increase th e risk of overpenetration of the 
cel ls by th e elec tron beam. 
K. Zi e rold: How does the shrinkage of the speci -
men du r i ng freeze -dr yi ng influence you r quantita-
tive results? 
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Authors : 
uniformly 
ponents of 
will not 
age . 
Since the eventual shrinkage influences 
both the orga ni c and inor ganic com-
the cells , quantitative calcula t ions 
result in any error due to the shrink -
G. M. Roomans: The cytoplasm is not a very homo-
geneous compartme nt, containing organelles and 
struc t ures with a water content different from 
that of free cytoplasm (e . g. mitochondria, lyso -
somes). Cann ot your changes in water con t en t, 
e . g . in the cytoplasm of liver ce ll s , be due to 
cha nges in the relative volume of s uch 
organelles? I do not think th at your data give 
sufficient proof for changes in ionic concentra -
tions in the free cytoplasm, which would be re-
levant for the cytoplasmic steps of protein sy n-
thesis . Please comment. 
Authors: We agree th at the increase of the amount 
of compact cytoplasmic bodies (like lipofuscin) 
during aging may be one of the sou rc es of the de -
crease of the ave r age cellula r water con t en t. 
Nevertheless , the approximately 7 % differe nce 
between the intranuclear water conte n t of old and 
young nerve cells can hardly be the conseq uence 
of only the accumulation of the age pigment . 
Even supposing as low as 30 % wat er content in 
lipofuscin granules (being equal t o the wat e r 
content of bones !) and an unchange d dry-mass co n-
centrat i on in the " free cytoplasm ", the volume 
density of the pigment should be in creased from 0 
to app r oximately 15 % t o result in an average 
water content decrease from 78 % to 71 %. 
I . L. Cameron and Nancy K. R. Smith : What is the 
reason for using the sum of Na+ and K+ and c 1- in 
Eqn . (3) instead of say K+ alone? It seems t ha t 
using K+ would reduce problems arising from exc i-
tation of elements in the extracellular spaces 
which are "enriched" in Na+ and Cl - . 
Authors : The reason for usin g the sum of mono-
valents was to reduce the effect of the errors of 
the concentrations of individual elemen t s . 
Furthermore, the sum of the activities should be 
equal between the nucleus and cytoplasm, as used 
in Eqn . (2) . 
I.L. Cameron and Nancy K. R. Smith: Why is it 
necessary to make even more assumptions and calcu -
lations i nv olving colloid solutio ns ? It seems to 
be an unnecessary and unwarranted exe r cise . What 
is the basis of th e assumptio n that 50 % of the 
organ ic dry mass is dissolved? How does this as -
sumption affect calculated results and hence con -
clusio n s regarding whether or not elemental con -
centra tion i s different between group s? What is 
effect of assumi ng 25 % or 75 % di ssolved? 
Authors : The aim of the calculation of the elec -
tr olyte conce ntr at ion s in the colloid system was 
to show that osmot i c ac ti vity of eve n th e ol d 
cells having high electrolyte conce ntr ation fal l s 
ne a r to th e normal physiological range . It was 
concl uded from the work of Zs .-N agy e t al . 
(198 1) that approxi mat e l y half of th e dry mass i s 
water sol uble , and sim il ar values are give n for 
examp le in the pape r of Cla r k et al. ( 1982) 
Water and ion concentrations in aging cells 
dealing with a quite different problem and other 
cells. As it follows from th e Eqn . (6), the in -
crease of the soluble fraction of the dry mass 
(y) tends to lower the electrolyte concentration 
of the colloid and vice versa . The statis t ical 
diff e rences betwee n t he g roups, shown in t he 
paper, are not affec t ed by the used value of y , 
since the same y was used for each of the age 
groups. Any change in the soluble fraction, how-
ever, influences th e osmotic pro perties o f the 
cytoplasmic colloid . 
I. L . Cameron and Nancy K. R. Smith : The authors 
show a significant drop in Na concentration in 
the hepatocytes of adult vs. the you ng rats. 
How do the autho rs account for this significant 
and reversible change in aging rats? 
Auth ors : We do not know the bio l ogical signifi-
cance of the observed reversible change in Na 
concentration in hepatocytes. 
References to t he Discussion 
Clark ME, Burnell EE, Chapman NR, Hinke JAM. 
(1982) . Water in barnac l e muscle IV. Factors 
contributing to reduced self diffusion. Bio phys . 
J. 39 , 289 - 299 . 
Franks F. ( 1972) . The properties of ice, in: 
Franks F. (ed . ) . The Physics and Physical Chem is-
try of Water, Plenum Press, New York, pp. 115-
149. 
Umrath W. (1983). Berechnung van Gefriertrock-
nungszeiten filr die elektronenmikroskopische 
Preparation. Mikroskopie, 40, 9-37 . 
33 7 

